Introduction
Understanding the mechanisms that underlie protein evolution is a major challenge in molecular biology (Pal et al., 2006 ; Caetano-Anollés et al., 2009; Soskine and Tawfik, 2010 ). An important factor contributing to the formation of new proteins is gene duplication (Zhang, 2003) : the generation of two copies of a gene allows for the accumulation of mutations in the duplicate that lead to a new function, while the primary function is retained in the original. Enzymes that have evolved by gene duplication and diversification from each other or from a common precursor can often be identified by the resemblance of their amino acid sequences. However, as structure is more conserved in evolution than sequence, evolutionary relatedness can also be inferred from structural similarities (Todd et al., 1999) . A comprehensive comparison of protein sequences and structures is provided by the SCOP database (Structural Classification of Proteins; http://scop.mrc-lmb.cam.ac.uk/scop/), which categorises proteins into folds that are further subdivided into superfamilies and families. Whereas a given fold, which is defined by a certain topological orientation of secondary-structure elements, might have originated several times independently, the members of SCOP superfamilies and families are similar enough to imply a common evolutionary history.
The (ba) 8 -(or triose phosphate isomerase) barrel is the most common enzyme fold in the Protein Data Bank (PDB) of known protein structures (Wierenga, 2001 ) and well suited to study evolution, because it is ancient and catalytically versatile (Sterner and Höcker, 2005; Caetano-Annollés et al., 2007; Setiyaputra et al., 2011) . The canonical (ba) 8 -fold is composed of eight (ba) units, which form a central eightstranded b-sheet, the barrel, which is surrounded by the eight a-helices. Within the individual units, the b-strands are connected to the a-helices by ba-loops, whereas consecutive units are joined by ab-loops. The (ba) 8 -barrel fold currently comprises 400 different members, which are divided into 33 different SCOP superfamilies and catalyse .60 known reactions that belong to five of the six classes defined by the Enzyme Commission. The conserved location of the active site, which is exclusively formed by the C-terminal ends of the central barrel and the ba-loops, as well as sensitive methods of sequence comparison suggest that several (ba) 8 -barrel superfamilies have divergently evolved from a common ancestor (Copley and Bork, 2000; Nagano et al., 2002) . However, due to low overall sequence similarities and differing geometries of the central barrel, it cannot be excluded that the fold has evolved several times independently by convergent evolution (Raine et al., 1994; Pujadas and Palau, 1999) .
We are interested in the evolutionary relatedness of three enzymes that belong to the ribulose-phosphate binding superfamily of (ba) 8 -barrels and catalyse consecutive reactions in the tryptophan biosynthetic pathway: phosphoribosylanthranilate (PRA) isomerase (TrpF), indole glycerol phosphate synthase (TrpC) and the a-subunit of trytophan synthase (TrpA) (Fig. 1) . Depending on the host organism, TrpF and TrpC either form single-domain proteins or are fused on a bifunctional polypeptide that comprises two domains, each of which catalyses one reaction. Two monomeric TrpA subunits bind to the homodimeric b-subunit of tryptophan synthase (TrpB), yielding the heterotetrametric abba complex (Yanofsky et al., 1999) . Although TrpF, TrpC and TrpA do not show a high overall sequence or structural similarity and catalyse different reactions with unrelated mechanisms, they share a common phosphate binding site in ba-loop 7. This common phosphate binding site serves as an anchor for their phosphorylated substrates and has been taken as evidence for the common ancestry of the three enzymes (Wilmanns et al., 1991) .
Directed laboratory evolution mimics the principles of natural evolution by generating large gene repertoires from which variants with desired properties are isolated by iterative rounds of screening or selection (Bershtein and Tawfik, 2008; Jäckel and Hilvert, 2010) . It is generally recognised that the analysis of natural evolution is instructive for directed evolution approaches (Romero and Arnold, 2009; Eisenbeis and Höcker, 2010) . Vice versa, it has also been shown that laboratory evolution experiments can help to understand the mechanisms of how proteins have emerged and diversified in the course of natural evolution (Riechmann and Winter, 2006; Yadid and Tawfik, 2007; List et al., 2011) .
In order to obtain more insights into the relatedness of the (ba) 8 -barrel enzymes involved in tryptophan biosynthesis, we have used protein engineering to establish TrpF activity on the scaffold of the TrpA protein from Salmonella typhimurium. By applying a combination of site-directed mutagenesis, error-prone PCR and selection in vivo, several TrpA variants with the ability to isomerise PRA were isolated, and mutations carried by those variants were combined by DNA shuffling. A number of isolated TrpA variants were produced in Escherichia coli and purified, and their TrpF activities were measured in vitro.
Materials and methods
Cloning and heterologous expression of the wild-type trpA gene from S.thyphimurium, and purification of the recombinant TrpA protein
The trpA gene was amplified via PCR from genomic S.typhimurium DNA using the primers 5 0 -GGG AAT TCC ATA TGG AAC GCT ACG AAA ATT TA-3 0 and 5 0 -CCG CTC GAG TGCGCG GCT GGC GGC TTT-3 0 (introduced NdeI and XhoI restriction sites are underlined). The reaction conditions were as follows: 958C for 3 min, 958C for 45 s, 678C for 45 s and 728C for 45 s, 35 cycles; and 728C for 10 min. The amplified trpA gene was purified and cloned into pET21a(þ) (Novagen) using the NdeI and XhoI restriction sites, followed by transformation of E.coli T7-express cells (New England Biolabs). The transformants were grown at 378C in Luria-Bertani medium supplemented with 0.15 mg/ml ampicillin. After an OD 600 of 0.4-0.6 was reached, the temperature was decreased to 308C, and protein production was induced by 0.5 mM isopropyl-b-D-thiogalactopyranoside. Following incubation overnight, cells were harvested by centrifugation (20 min, 4000 rpm, 48C), and resuspended in 10 mM potassium phosphate, pH 7.5. The cell suspension was lysed by sonication, and the insoluble fraction was removed by centrifugation (30 min, 13 000 rpm, 48C). The TrpA protein was purified from the soluble extract by Ni-chelate affinity chromatography (IMAC) using a HisTrapFF crude column (1 ml; GE Healthcare) connected to an Ä KTA Purifier system (GE Healthcare).
Site-directed mutagenesis
Overlap-extension (OE) PCR (Ho et al., 1989) Generation of plasmid-encoded trpA gene libraries
Using the SphI and BamHI restriction sites, the insert of pQE-70-trpA-F22C þ L177D was subcloned into the plasmid pTNA, which allows for constitutive gene expression in E.coli (Merz et al., 2000; Beismann-Driemeyer and Sterner, 2001 ).
Generation of library pTNA-trpA-F22C þ L177D. The pTNA-trpA-F22C þ L177D construct was subjected to errorprone PCR, which contained an unbalanced mixture of dNTPs (0.35 mM dATP, 0.2 mM dGTP, 0.4 mM dCTP and 1.35 mM dTTP), 0.6-1.4 mM MnCl 2 and 2.5-5 mM MgCl 2 . The reaction conditions were as follows: step 1, 958C, 3 min; step 2, 958C, 45 s; step 3, 558C, 45 s; step 4, 728C, 1 min; step 5, 728C, 10 min; steps 2 -4 were repeated 35 times. The amplified fragments were purified, digested and cloned into the empty pTNA vector using SphI and BamHI restriction sites. Highly competent E.coli XL1-BlueMrf' (Stratagene) cells (1.9 Â 10 10 CFU/mg DNA) were transformed with the ligation mixture by electroporation, plated on large ampicillin-containing SOC agar plates (Ø 14.5 cm), and incubated at 378C. The size of the plasmid library was calculated as follows: the number of colonies grown on a small ampicillin-containing SOC agar plate was multiplied by the dilution factor and the ligation efficiency which was determined via colony PCR of 20 different clones. The colonies were scratched off the large plates and resuspended. The DNA of the plasmid library was isolated and immediately tested for in vivo complementation of an auxotrophic E.coli strain that lacks the trpF gene on its chromosome (DtrpF) (Sterner et al., 1995) .
Generation of library pTNA-trpA_1. The construct pTNA-trpA_1, which was isolated by in vivo complementation from the pTNA-trpA-F22C þ L177D library, was subjected to a second round of error-prone PCR being performed under the same conditions as described above. Purification and digestion of the amplified fragments, ligation with pTNA, transformation of highly competent E.coli XL1-BlueMrf'cells (1.3 Â 10 9 CFU/mg DNA) and determination of the library size were also performed as described above. The DNA of the plasmid library was isolated and used for in vivo complementation of DtrpF cells.
Generation
of library pTNA-trpA_wt_rand. The pTNA-trpA_wt construct was subjected to error-prone PCR, which was performed at the same conditions as described above. Purification and digestion of the amplified fragments, ligation with pTNA, transformation of highly competent E.coli XL1-BlueMrf'cells (1.6 Â 10 9 CFU/mg DNA) and determination of the library size were also performed as described above. The DNA of the plasmid library was isolated and used for in vivo complementation of DtrpF cells.
Generation of gene libraries of recombined trpA mutants by DNA shuffling
Two distinct libraries were generated by DNA shuffling (Stemmer, 1994) of trpA_1-2 with either trpA_wt or trpA_2. The genes were amplified by independent PCRs using pTNA-trpA_1-2, pTNA-trpA_wt and pTNA-trpA_2 as templates, and the gene-flanking plasmid-specific oligonucleotides CyRI and CyPstI (Jürgens et al., 2000) as 5 0 -and 3 0 -primers, respectively. DNase I (1.2 U; Boehringer Mannheim) was added to the PCR solutions, followed by incubation at 48C for 2 min and at 208C for 7 min. The digestion was terminated by heat treatment at 958C for 15 min. The production of fragments containing between 50 and 200 bp was confirmed on a 1% agarose gel. For the two 'primerless' PCRs, the DNase I digestion mixtures were combined at a volume ratio of 10:1 ( pTNA-trpA_wt : pTNA-trpA_1-2) or 1:1 ( pTNA-trpA_2 : pTNA-trpA_1-2).
The PCR was performed as follows: step 1, 958C, 3 min; step 2, 958C, 45 s; step 3, 558C, 45 s; step 4, 728C, 1 min 30 s; step 5, 728C, 10 min; steps 2 -4 were repeated 35 times. In order to increase the selection pressure, the SsrA degradation tag was added to the C-terminus of the TrpA variants (Neuenschwander et al., 2007) . To this end, the final amplification step of the DNA shuffling protocol was performed with the flanking primers 5 0 -ACATGCATGCA ACGCTACGAAAATTTATTTG-3 0 and 5 0 -CGCGGATCC TTACGCCGCCAGCGCATAGTTTTCATCGTTCGCCG CTGCGCGGCT-3 0 , which contained SphI and BamHI restriction sites (underlined) along with the codons for the degradation tag (bold). Highly competent E.coli XL1-BlueMrf'cells (1.9 Â 10 8 CFU/mg DNA) were transformed with the plasmid mixtures and plated, and the sizes of the two libraries were determined as described above. The DNA of the plasmid library was isolated and used for in vivo complementation of DtrpF cells.
Selection for TrpA variants with TrpF activity by in vivo complementation
Highly competent E.coli DtrpF cells were transformed by electroporation with plasmid DNA from the various pTNA-trpA gene libraries. The transformed cells were plated on ampicillin-containing M9 minimal agar plates without tryptophan (selective plates) or with tryptophan as control (30 mg/l). The DtrpF cells were also transformed with pTNA-trpF or pTNA-trpA_1-2 ( positive controls) as well as pTNA-trpA and pTNA (negative controls). The plates were incubated at 37 or 308C, and colony growth was continuously inspected. When appropriate, plasmid-DNA was isolated from visible colonies, and used to repeat transformation and plating of DtrpF ('re-transformation'). In case of the (trpA_1-2 Â trpA_2)-SsrA-tag shuffling library, an aliquot of transformed cells was also used to inoculate 50 ml of liquid M9 minimal medium containing 0.15 mg/ml ampicillin, and growth was followed by measuring the optical density at 600 nm. Catalytically active members of the library were able to complement the trpF deficiency ( Supplementary  Fig. S1 ).
Production and purification of TrpA variants
Several trpA mutants generated by OE-PCR or isolated by in vivo complementation were subcloned from pTNA via SphI and BamHI restriction sites into the pQE-70 expression vector (Qiagen). The TrpA variants carrying a C-terminal His-tag were generated by heterologous expression in E.coli DtrpF or E.coli strain W3110trpEA2 (Schneider et al., 1981) , which lacks the entire trp operon. The host cells also contained the lac repressor plasmid pDM (Stuebe et al., 1990) . The TrpA variants were purified from the soluble fraction of the host cells by Ni-chelate affinity chromatography (IMAC) using HisTrapFF crude columns (1 ml; GE Healthcare) connected to an Ä KTA purifier system (GE Healthcare). The purification yields of variants TrpA_1, TrpA_1-2, TrpA_s-1 and TrpA_s-5 were between 25 and 30 mg of protein per litre of cell suspension. For TrpA_2, a yield of 5 mg of pure protein per litre of cell suspension was obtained.
Steady-state enzyme kinetics
The TrpF activities of the purified TrpA variants were measured in vitro at 258C with a fluorimetric assay (Hommel et al., 1995) , using 50 mM HEPES, pH 7.5, 4 mM MgCl 2 , 4 mM EDTA and 2 mM DTT. Since the TrpF substrate PRA is rather unstable, it was produced in situ from 5-phosphoribosyl-a-1-pyrophosphate and anthranilate by anthranilate phosphoribosyl transferase from yeast. The decrease in fluorescence emission intensity at 400 nm caused by the conversion of PRA into 1-(o-carboxyphenylamino)-1-deoxyribulose 5-phosphate (CdRP) was followed after excitation at 350 nm. In the case of TrpA variants with low activity, TrpF from Thermotoga maritima was added into the assay mixture after 30 min to complete the reaction. The entire fluorescence change that was observed at a given PRA concentration was used to normalise the time-dependent fluorescence change caused by the TrpA variants and to calculate their catalytic rates.
Results

Generation of trpA gene libraries and in vivo complementation of DtrpF cells
Our goal was to establish the activity of PRA isomerase (TrpF) on the scaffold of the a-subunit of tryptophan synthase (TrpA). In a first step, the crystal structures of TrpF from T.maritima with bound product analogue reduced CdRP (rCdRP) and TrpA from S.typhimurium with bound substrate indole-3-glycerol phosphate (IGP) were superimposed. Figure 2 shows that Phe22 and Leu177 of TrpA lie on top of the active site residues Cys7 and Asp126 of TrpF, which support the isomerisation of PRA by acting as a general base and acid, respectively (Henn-Sax et al., 2002) . Based on this finding, the F22C and L177D exchanges were introduced into the trpA gene by site-directed mutagenesis ( Fig. 3 ; Table I ). The pTNA-trpA-F22C þ L122D construct was used to transform tryptophan auxotrophic E.coli cells lacking the trpF gene on their chromosome (DtrpF), which were plated on minimal medium without tryptophan and incubated at 378C for 1 week. The absence of visible colonies demonstrated that the TrpA-F22C þ L177D protein is unable to functionally replace the TrpF enzyme in vivo (Table II) .
Additional mutations were randomly introduced into trpA-F22C þ L177D by error-prone PCR (Fig. 3) . Ligation of the mixture of randomised fragments into pTNA and transformation of highly competent E.coli cells yielded a gene library comprising 3.5 Â 10 5 individual trpA-F22C þ L177D mutants. Sequencing of the inserts from 10 different clones showed that the pTNA-trpA-F22C þ L177D library members contained an average of 8 nucleotide exchanges per gene (range between 6 and 9) and a bias towards GC over AT exchanges (68 versus 32%). The library as well as a positive ( pTNA-trpF) and a negative ( pTNA-trpA-F22C þ L177D) control were used to transform DtrpF cells, which were plated on minimal medium and incubated at 378C. Transformants containing the positive control formed colonies overnight, whereas transformants containing the negative control did not grow within 1 week (Table II) . Small colonies of the pTNA-trpA-F22C þ L177D library were detected on Day 5, and after 7 days the total number of 25 colonies had grown to various sizes. Plasmid-DNA isolated from six of the largest colonies was used to re-transform freshly prepared DtrpF cells. Plating on selective plates and incubation at 378C showed that cells containing a particular trpA-F22C þ L177D mutant grew to a visible size within 24 h. The protein encoded by this gene contains nine amino acid exchanges and was termed as TrpA_1 ( Fig. 3 ; Table I ).
In order to generate variants with improved TrpF activity, the trpA_1 gene was subjected to a second round of random mutagenesis using the same protocol as described above (Fig. 3) . The resulting pTNA-trpA_1 library comprised 2.9 Â 10 7 independent clones, which contained an average of four nucleotide exchanges per gene (range from three to seven) and a bias towards GC over AT base-pair exchanges (59 versus 41%). DtrpF cells transformed with the library and incubated at 378C on minimal medium overnight formed a total of 56 colonies. In order to discriminate between variants with different TrpF activities in vivo, the selection stringency was increased by lowering the incubation temperature and decreasing the cellular concentration of the enzyme. For this purpose, pTNA-trpA_1 and the plasmids from 13 fast growing clones were used to transform DtrpF cells, which were incubated on minimal medium plates at 308C instead of 378C. Cells containing pTNA-trpA_1 grew within 36 h (Table II) , whereas cells containing TrpA_1 variants with the additional exchanges G98C, G98C þ A268T and D13N þ G98C þ Q210L, formed visible colonies within 24 h. The 11-amino-acid SsrA degradation-tag (Neuenschwander et al., 2007) was added to the C-terminal end of TrpA_1 and the three newly isolated variants. Incubation on minimal medium plates of DtrpF cells containing the four pTNA-trpA_1 constructs showed that TrpA_1-D13N þ G98C þ Q210L most efficiently replaced the lacking TrpF protein in vivo (Supplementary Table SI ). This variant was termed TrpA_1-2 (Fig. 3) . It contains 12 amino acid exchanges (Table I) whose structural location is shown in Fig. 4 and Supplementary Fig. S2 .
A third gene library was generated by randomising the wild-type trpA gene (Fig. 3) . The resulting pTNA-trpA_wt_ rand library comprised 7.2 Â 10 5 independent clones, which contained an average of 13 nucleotide exchanges per gene (range from 9 to 15) and a bias towards GC over AT base-pair exchanges (56 versus 44%). This library was again used to transform DtrpF cells, which were plated on selective medium without tryptophan. Following incubation at 378C, a total of seven colonies grew to a visible size within 48 h. When plasmid-DNA isolated from these colonies was used for re-transformation, DtrpF cells containing a particular trpA mutant grew fastest (within 24 h). The protein encoded by this mutant gene was termed as variant TrpA_2 (Fig. 3) . (Neuenschwander et al., 2007) was fused to the C-terminus of these TrpA variants.
Evolution of tryptophan biosynthesis enzymes
It contains seven amino acid exchanges (Table I) whose structural location is shown in Fig. 4 and Supplementary  Fig. S2 .
DNA shuffling of selected trpA mutants and in vivo complementation of DtrpF cells
In order to clarify which of the 12 amino acid exchanges of TrpA_1-2 are important for TrpF activity, the trpA_1-2 gene was recombined with an excess of wild-type trpA using DNA shuffling (Stemmer, 1994) (Fig. 3) . The recombinant gene fragments were ligated with a pTNA plasmid that carried the codons for the SsrA degradation tag at the 3 0 -end of its multiple cloning site. The pTNA-(trpA_1-2 Â trpA-wt)-SsrA-tag shuffling library, which comprised 5.1 Â 10 6 independent clones, was used for transformation of DtrpF cells that were plated on selective medium and incubated at 308C. After 2 days, 85 colonies with different sizes were detected. When plasmid-DNA isolated from these colonies was used for re-transformation, DtrpF cells containing two particular shuffling products grew fastest (overnight and within 24 h, respectively). The proteins encoded by these recombined genes were termed as TrpA_s-1 and TrpA_s-2 (Fig. 3) . They contain seven and nine amino acid exchanges, respectively (Table I) .
DNA shuffling was also performed to recombine beneficial mutations of trpA_1 and trpA_2 in a single trpA mutant gene (Fig. 3) . The recombinant gene fragments were again ligated with a pTNA-SsrA plasmid. The resulting pTNA-(trpA_1-2 Â trpA_2)-SsrA-tag shuffling library, which comprised 2.7 Â 10 6 independent clones, was used for transformation of DtrpF cells that were plated on selective medium and incubated at 308C. After 2 days, 16 colonies with various sizes were detected. Re-transformation showed that colonies carrying three particular shuffling constructs grew fastest. The proteins encoded by these recombined genes were termed as TrpA_s-3, TrpA_s-4 and TrpA_s-5 (Fig. 3) . They contain 12, 14 and 11 amino acid exchanges, respectively (Table I) .
TrpF activities of purified TrpA variants
To measure the catalytic activities of TrpA variants isolated by in vivo selection, the recombinant proteins were produced and purified. For this purpose, the genes encoding TrpA_1, TrpA_1-2, TrpA_2 and TrpA_s-1 to TrpA_s-5 were subcloned from pTNA into the plasmid pQE70, and were expressed in E.coli. In order to avoid any contamination with wild-type TrpF, E.coli cells lacking the trpF gene or the entire tryptophan operon were used as hosts for heterologous expression. The recombinant proteins were purified by metal chelate affinity chromatography using a C-terminally added (His) 6 -tag. The rationally designed TrpA-F22C þ L177D variant, which was unable to complement the growth deficiency of DtrpF cells (Table II) , was also produced and purified, for comparison.
The TrpF activities of the purified proteins were determined by steady-state enzyme kinetics. parts of the saturation curves. Compared with the wild-type TrpF proteins from T.maritima and E.coli, variants TrpA_1 and TrpA_2, which were isolated after single rounds of random mutagenesis and selection, display poor k cat values of ,0.001 s
21
. However, TrpA_2 shows a reasonable K M PRA of 29 mM, indicating that it binds the TrpF substrate PRA with high affinity. TrpA_1-2, which was generated on the scaffold of TrpA_1 by an additional round of mutagenesis and selection under more stringent conditions, shows a respectable turnover number of .0.13 s 21 but a poor K M PRA of .200 mM. Compared with TrpA_1, TrpA_1-2 carries the additional exchanges D13N þ G98C þ Q210L. Given the beneficial impact of these exchanges on the turnover number of TrpA_1, their effect was also tested in the background of the catalytically inactive TrpA-F22C-L177D variant. However, the recombinant TrpA-F22C-L177D þ D13N þ G98C þ Q210L protein did not show detectable turnover of PRA (Table III) .
Shuffling of the gene encoding TrpA_1-2, which contains 12 amino acid exchanges, with the gene encoding wild-type TrpA resulted in the isolation of TrpA_s-1 and TrpA_s-2 (Fig. 3) , which contain only seven and nine amino acid exchanges (Table I ). The catalytic efficiencies of these two variants were reduced between 2.5-and 9-fold compared with TrpA_1-2 ( Table III) , demonstrating that residues dispensable for in vivo complementation can nonetheless contribute to catalytic activity in vitro. TrpA_1-2 and TrpA_2 carry sets of hardly overlapping amino acid exchanges (Table I) and are characterised by a relatively high turnover number or a relatively low Michaelis constant, respectively (Table III) . It was therefore expected that the shuffling of their genes, followed by stringent selection for TrpF activity triggered by the SsrA degradation tag, should allow for the isolation of a variant with high catalytic efficiency. However, TrpA_s-3, TrpA_s-4 and TrpA_s-5 show a lower k cat /K M PRA value than TrpA_1-2, because a slight decrease in K M PRA is more than counterbalanced by a drop of k cat (Table III) .
TrpA_1-2 has the highest k cat /K M PRA value of all analysed variants (Table III) . We tested whether this variant is still able to catalyse the reverse TrpA reaction (synthesis of IGP from indole and D-glyceraldehyde 3-phosphate) (Weischet and Kirschner, 1976) , which is thermodynamically preferred to the physiological reaction (Fig. 1) . However, the incubation of 5 mM protein with 1 mM indole and 20 mM GA3P did not yield measurable amounts of products. We conclude that the establishment of TrpF activity on the TrpA scaffold is at the expense of the native activity. A plausible explanation is that TrpA_1-2 and all other TrpA variants with TrpF activity have replaced the conserved Phe22 by either cysteine or tyrosine. In addition, the conserved residue Asp56 has been replaced by asparagine (Tables I-III) . In accordance with these assumptions, E.coli TrpA variants carrying the Phe22Ser or Asp56Gly exchange show a reduced TrpA activity (Lim et al., 1991a,b) .
Selection in vivo versus catalytic activity in vitro Table II shows that TrpA_1-2 is able to complement the growth deficiency of DtrpF cells on minimal medium agar plates more rapidly than TrpA_1 and TrpA_2. These findings were corroborated and refined by complementation experiments performed in liquid minimal medium, which showed that TrpF activity in vivo stepwise decreases from TrpA_1-2 to TrpA_1 and TrpA_2 (Fig. 5) . The time required by these three variants for in vivo complementation correlates with the k cat values of the purified proteins, rather than with K M PRA or k cat /K M PRA (Table III) , suggesting that the turnover number was the selected trait in our experiments. This observation might be explained by the likely accumulation of PRA in DtrpF host cells used for selection, which will render small values of K M PRA less crucial for cell growth than elevated k cat values. However, the maximum rate (V max ) of an enzymecatalysed reaction equals the turnover number times the total enzyme concentration (k cat Â [E 0 ]). It therefore cannot be excluded that different cellular concentrations, which might be caused by variations in gene expression or protein folding and stability, contribute to the different complementation times. Indeed, the purification yield of TrpA_2 was 5-fold less than the yield obtained for the other variants (see Materials and methods section), which could indicate that its soluble concentration available for in vivo complementation might have been lowest. This might explain why DtrpF host cells transformed pTNA-trpA_1 grew faster in liquid minimal medium than cells transformed with pTNA-trpA_2 (Fig. 5) , although the k cat values of purified TrpA_1 and TrpA_2 are very similar (Table III) . Along the same lines, the growth time of DtrpF cells containing variant TrpA_1-2 was extended when the SsrA degradation tag was added to the C-terminus of the protein: At 37 and 308C, the colonies became visible only after 24 and 45 h, instead of overnight or after 24 h as observed in the absence of the tag (Table II) .
Discussion
Our initial approach to establish PRA isomerisation activity on the scaffold of TrpA was based on a sequence alignment deduced from the superposition of the known crystal structures of TrpF from T.maritima (Henn-Sax et al., 2002) and TrpA from S.typhimurium (Weyand and Schlichting, 1999) . The superposition confirmed the earlier finding that TrpF and TrpA share a conserved phosphate binding site, which is part of the substrate binding pocket (Wilmanns et al., 1991) . This site, which is located at the C-terminal end of b-strand 7 and the subsequent loop leading to a-helix 7, is formed by Ser157, Gly158 and Gly159 in TrpF, and by Gly211, Phe212 and Gly213 in TrpA (Fig. 2) . Assuming that the conservation of the phosphate binding site will allow for the anchoring of PRA at the active centre of TrpA, the residues of TrpF being responsible for catalysis of the Amadori rearrangement were transferred into the scaffold of TrpA. In T.maritima TrpF, Asp126 is located at the C-terminal end of b-strand 6 and acts as the general acid that transfers a proton to the furanose ring oxygen of PRA, which leads to the opening of the ring and the concomitant formation of a protonated Schiff base reaction intermediate. Cys7 is located at the C-terminal end of b-strand 1 and acts as the general base that abstracts a proton from the C2-carbon of the intermediate, which results in the formation of the enol form of CdRP (Henn-Sax et al., 2002) (Supplementary Fig. S3 ). The corresponding S.typhimurium TrpA residues Leu177 at the C-terminal end of b-strand 6 and Phe22 at the C-terminal end of b-strand 1 were substituted by Asp and Cys, respectively. However, the resulting TrpA-F22C þ L177D variant was unable to catalyse the isomerisation of PRA to CdRP at a detectable level (Table III) .
Randomisation of pTNA-trpA-F22C þ L177D and in vivo complementation led to the isolation of variant TrpA_1, which has the ability to isomerise PRA in vitro, albeit with low k cat and k cat /K M PRA values. A second round of error-prone PCR and selection in vivo yielded variant TrpA_1-2 whose turnover number was increased at least 200-fold (Table III) . In addition to the nine amino acid exchanges of TrpA_1, TrpA_1-2 contains the substitutions D13N þ G98C þ Q210L (Table I ). The shuffling of the trpA_1-2 gene with a large excess of wild-type trpA led to the isolation of variants TrpA_s-1 and TrpA_s-2, which have lost five and three amino acid exchanges, respectively. However, both variants still contain the G98C exchange and also the originally introduced F22C replacement. The respectable turnover numbers of TrpA_s-1 and TrpA_s-2 suggest that residue positions 22 and 98 are important for efficient PRA isomerisation. In accordance with this conclusion, the independently isolated variant TrpA_2 contains seven amino acid substitutions which are different from those of TrpA_1-2 but also comprises the G98C and F22Y exchanges (Table I) .
These findings are in accordance with our original hypothesis that a cysteine (or a tyrosine) side chain at position 22 in TrpA can take over the role of Cys7 in TrpF as general base. However, it is less clear which residue in TrpA functionally replaces Asp126 of TrpF as general acid. Although the originally introduced L177D exchange is preserved in most of the catalytically active TrpA variants generated by random mutagenesis and shuffling, this substitution is lost in TrpA_s-1 and was not introduced into TrpA_2 (Table I) . Moreover, the ubiquitously present G98C exchange is located remote from the active site pocket at the N-terminal end of b-strand 3, which makes it unlikely that the introduced cysteine residue is able to provide a proton for the furanose ring opening reaction. Likewise, the establishment of PRA isomerase activity on the (ba) 8 -barrel scaffolds of
imidazole glycerol phosphate synthase (HisF) and a HisAF chimera required a general base at the C-terminal end of b-strand 1, but no general acid provided by the protein scaffold (Leopoldseder et al., 2004; Claren et al., 2009) . A plausible explanation for this finding is a substrate-assisted catalytic mechanism in which the carboxylate group of anthranilate moiety protonates the furanose ring oxygen (Claren et al., 2009) . A similar mechanism might be effective in our TrpA variants. Although the F22C or F22Y exchanges are required and the G98C and L177D exchanges are beneficial for PRA isomerisation, the TrpA-F22C þ G98C þ L177D variant does not show detectable TrpF activity (Table III) . This finding indicates that further amino acid exchanges assist the binding and/or turnover of PRA. It has been observed that the replacement of negatively charged aspartate residues in b-strand 5 or ba-loop 6 with valine promotes the binding of the negatively charged PRA molecule to HisA, HisF and HisAF (Leopoldseder et al., 2004; Claren et al., 2009) . Bearing this in mind, it is interesting that TrpA_2, which has the lowest K M PRA and thus the highest apparent substrate affinity of all active variants, carries the D161V exchange in ba-loop 5 (Fig. 4, Supplementary Fig. S2 ).
The ability of the modified TrpA scaffold to catalyse the TrpF reaction is a further example for the previously demonstrated versatility of the (ba) 8 -barrel scaffold with respect to the acquisition of new catalytic activities (Henn-Sax et al., 2001; Höcker et al., 2001; Gerlt and Raushel, 2003; List et al., 2011) . In most experiments described so far, a minor modification of a pre-formed ligand binding pocket was sufficient to allow for the accomodation of the new substrate, which is converted to product either by already existing catalytic residues or a few amino acid exchanges (Jürgens et al., 2000; Schmidt et al., 2003; Leopoldseder et al., 2004; Claren et al., 2009; Saab-Rincón et al., 2012) . In accordance with these observations, the phosphate binding site of TrpA, which is used by the wild-type enzyme to bind its native substrate IGP, was most probably exploited by our TrpA variants for the anchoring of PRA. These findings emphasise that the recruitment of an already existing ligand binding site is a crucial factor in the evolution of metabolic pathways, taking advantage of the fact that the product of one enzyme is the substrate of the consecutive one (Gerlt and Raushel, 2003) . Along the same lines, a classical theory has postulated that biosynthetic pathways have evolved in a retrograde fashion by a series of gene duplication and diversification events (Horowitz, 1945) . Although this hypothesis does not hold true for tryptophan biosynthesis in a strict sense, because the last enzyme of the pathway (TrpB) is not a (ba) 8 -barrel, it provides a plausible scenario for the evolution of TrpC and TrpF starting from TrpA. However, we have not been able so far to establish TrpA activity on the TrpC scaffold, or vice versa. These failures might have to do with the dependence of TrpA catalysis on complex formation with TrpB , and the complicated reaction mechanism of TrpC, which includes a reorientation of the bound ligand upon conversion of CdRP to IGP . In comparison, the TrpF reaction is mechanistically less elaborate. Although the wild-type enzyme contains a catalytic acid as well as a catalytic base (Henn-Sax et al., 2002) , a base being properly oriented to abstract a proton from the reaction intermediate ( Supplementary Fig. S3 ) appears to be sufficient to catalyse the isomerisation of PRA to CdRP (Leopoldseder et al., 2004; Patrick and Matsumura, 2008; Wright et al., 2008; Claren et al., 2009) .
It is interesting to compare the three (ba) 8 -barrel enzymes from tryptophan biosynthesis with the two (ba) 8 -barrel enzymes from histidine biosynthesis, ProFAR isomerase (HisA) and imidazole glycerol phosphate synthase (HisF). HisA and HisF share a 2-fold structural symmetry including two similar phosphate binding sites, which are located in ba-loops 3 and 7 and anchor their bisphosphorylated substrates (Lang et al., 2000) . Remarkably, the location and structure of the C-terminal phosphate binding sites of HisA and HisF correspond to the single phosphate binding site of TrpF, TrpC and TrpA. These findings suggest that all five enzymes have evolved from a common symmetrical ancestor, which contained two phosphate binding sites one of which was lost in the (ba) 8 -barrel enzymes from tryptophan biosynthesis (List et al., 2011) .
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